The Application of Commercial Injection Molding Software to Micro-Component Design and Process Development by Khalilian, Sina A. et al.
  
 
The Application of Commercial Injection Molding Software to  
Micro-Component Design and Process Development  
ICOMM 
2013 
59 
Sina A. Khalilian
1
, Simon S. Park
2
, and Theodor I. Freiheit
3
 
1
Dept. of Mechanical and Manufacturing Engineering, University of Calgary, Canada; sina_khalilian@yahoo.com 
2
Dept. of Mechanical and Manufacturing Engineering, University of Calgary, Canada; simon.park@ucalgary.ca 
3
Dept. of Mechanical and Manufacturing Engineering, University of Calgary, Canada; tfreihei@ucalgary.ca 
 
Key Words: micro-injection molding, injection molding simu-
lation, process performance 
ABSTACT 
The use of software developed for the simulation of injection 
molding is evaluated through a case study of a mi-
cro-injection molded micro-pump component. The purpose 
of this evaluation is to determine if commercially available 
injection molding simulation software developed for mac-
ro-injection molding provides sufficient support to the de-
velopment of micro-injection molded components. It is con-
cluded from this experience that the software provides suffi-
cient support to reduce the development cycle by minimizing 
the amount of process optimization required with physical 
samples. 
INTRODUCTION 
In an increasing number of engineering systems, from biol-
ogy and medicine to space exploration and microelectronic 
cooling, very small fluid volumes exist [1]. Micro-pumps, the 
driver of micro-fluidics, play an important role in mi-
cro-fluidic applications [2]. Although micro-pumps are cur-
rently commercially available, a growing demand drives a 
need for low cost designs for mass produced applications. To 
expand the application of micro-pumps in fields such as 
portable micro-fluidic devices for mobile fuel cells or dis-
posable micro-pumps in medical applications, the cost of the 
micro-pumps should significantly be reduced.  
Designing a micro-pump for low cost requires ease of com-
ponent fabrication and assembly, as material costs are usually 
not a driver due to their small size. Also "the  cost  of  a mi-
cro-component  is  not  exclusively  defined  by  the  fabrica-
tion  technology  itself,  but mainly  by  an ‘intelligent’ and 
fabrication-oriented design" [3]. Therefore, the application of 
injection molding software to predict mold fill and establish 
initial production processing parameters is a necessary 
strategy for reducing the design and development costs of 
micro-components. Since injection-molding simulation 
software is readily available for macro-sized components, the 
question becomes is it readily adaptable to micro-component 
design. 
The approximations made for conventional injection molding 
simulation may not be valid for micro molding, as heat 
transfer coefficients used may not be appropriate during the 
packing phase of micro-injection molding, the rheological 
data used comes from macroscopic experiments that assume 
no-slip boundary condition which is inconsistent with ex-
perimental investigation of micro scaled channels, and sur-
face tensions are neglected in macro-scale simulations that 
will affect the fill of micro structures [4]. Further, the widely 
adopted 2.5-dimensional Hele–Shaw flow approximation 
used in injection flow simulations may not be valid for the 
length/width aspect ratios found in micro-structures, and it 
can be difficult to determine an appropriate mid-plane to ap-
ply the approximations to in micro-structures [5]. Like many 
of the commercially available simulation software packages, 
Autodesk MoldFlow
TM
 used in this study, uses the Hele-Shaw 
approximations [6].   
Earlier investigations of micro-injection molding simulation 
have found that simulation tools only work adequately from a 
qualitative point of view [7,8]. Lin and Young [8] found that 
simulation of fill distance vs. melt temperature and packing 
pressure adequately fits experimental results, but the fill dis-
tance vs. mold temperature is considerably off from the sim-
ulation, with the changes observed in the experimental results 
being gradual, while the changes in the simulation being al-
most discontinuous. Yu et al. [9] determined that simulations 
using Hele-Shaw assumptions have discrepancies in flow 
front profile and fill depth, and cool down is much higher in 
the micro-channels. High injection speed is essential for 
complete fill and micro-feature replication, and fill depth is 
greatly dependant on mold temperature. Yu et al. [9] also 
found that simulations are more sensitive to modeling condi-
tions than was found in their experimental validation tests. 
Theilade and Hansen [10] found increasing injection speed 
and hold pressure enhances surface micro-structure replica-
tion, but replication is much more effective with higher mold 
temperature. Finally, there are claims that micro-mold cavi-
ties require prior evacuation for complete fill because con-
ventional venting of the cavity via the parting plane is not 
possible [11]. This paper examines if macro-injection mold-
ing simulation can be utilized to improve the development 
process of micro-injection molded components in the absence 
of commercially available software that provides fully 3D 
simulation that several researchers recommend [5,9]. 
MICRO-PUMP DESIGN 
The micro-pump design used in this study was a reciprocating 
displacement micro-pump, which consists of a pumping 
chamber, inlet and outlet valves, and an actuated diaphragm, 
and works on the same principle as a macro-sized diaphragm 
pump. It uses an oscillatory movement of mechanical parts to 
increase the pressure and displace fluid. These micro-pumps 
are the most widely designed and used micro-pumps [12]. 
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Fig. 1 illustrates schematic of a diaphragm micro-pump. In 
this figure, the micro-pump chamber is enclosed by a flexible 
diaphragm on top, in this case a piezo-electric motivator. The 
moving boundary alternatively increases and decreases the 
pump chamber volume. As a result, pressure changes inside 
the chamber occur. When the diaphragm is moved upward, 
the pressure decreases to a value less than inlet pressure and 
suction from inlet occurs. Similarly as the diaphragm moves 
downward, first the inlet valve closes and then the pressure 
increases to a value higher than the outlet pressure, after 
which the valve opens and fluid flows. During this cycle, inlet 
and outlet valves direct the flow into and out of the pumping 
chamber, respectively. This pump design requires a housing 
that will be injection molded to position the piezo-electric 
motivator and valves and create the pumping chamber and 
flow passages. 
 
Fig. 1:  Schematic of a diaphragm micro-pump [13] 
MICRO-INJECTION MOLDING 
Injection molding is the process of melting and forcing ma-
terial into a mold cavity where it cools and takes the shape of 
the cavity. The capability of cost effectively fabricating very 
small and geometrically complicated components with high 
accuracy makes micro-injection molding ideal for mi-
cro-component fabrication. Micro injection molding allows 
manufacturing of plastics having a minimum wall thickness 
of less than 20 μm, with a maximum aspect ratio as high as 
20, the smallest features in the range of a tenth of a microm-
eter, and a surface roughness of about Rz < 0.05 μm [14]. 
When materials undergo a phase change during injection 
molding, shrinkage occurs as a result of a decrease in the 
part’s specific volume. The polymer packed in the mold 
shrinks from the time it fills the mold in its molten state until 
it reaches room temperature. Because of variable cooling 
times, non-uniform thicknesses, and material orientations, 
shrinkage will not normally occur uniformly in the part. 
Non-uniform shrinkage can cause residual stresses and strains 
(warpage) in micro components. 
In order to have a low shrinkage injection molding process, an 
amorphous polymer such as cyclic olefin copolymers (COC) 
or PMMA is advantageous over semi-crystalline or crystal-
line polymer, as the additional contraction caused by crystal-
lization of polymer chains while cooling does not occur in 
amorphous polymers [15,16]. Also, by controlling injection 
molding parameters such as molding temperatures, injection 
time and the holding pressure, shrinkage and warpage could 
be reduced [17].  
In order to apply injection molding to micro components, the 
molding process should be considered during the part design 
process. Injection molding parameters such as melt temper-
ature, injection pressure, mold temperature, and injection 
time should be determined considering the properties of the 
melt material and the geometrical characteristics of the part. 
In order to have complete mold fill, low and uniform 
shrinkage, and minimum part warpage, the process parame-
ters should be optimized either experimentally or using a 
commercially available modeling software such as "Mold 
Flow", although generally both methods are utilized. The 
molds should have a proper draft angle to all surfaces normal 
to the mold parting line and the right shrinkage factor. Suit-
able runners and gates system should also be designed to 
ensure complete and uniform fill of the mold cavities. 
INJECTION MOLDING 
In order to injection mold the pump casings, the micro-pump 
design must have a 2 degree draft angle on all surfaces normal 
to the mold parting plane, and the dimensions must be scaled 
by a factor of 1.02 to compensate for shrinkage when the 
plastic cools.    
MATERIAL PROPERTIES 
The main material studied for this case study on the applica-
tion of molding simulation software on the injection molding 
of a micro-pump casing is TOPAS COC 8007 S-04. Ac-
cording to the TOPAS materials brochure [18], “The TOPAS 
COC family, in contrast to the partially crystalline polyolefins 
PE and PP, consists of amorphous, transparent copolymers 
based on cyclic olefins and linear olefins”. COC 8007 is a 
suitable choice for micro-injection molding as this material 
has high transparency, very low water absorption, high ri-
gidity, and good strength. As an amorphous material, it also 
has lower shrinkage than crystalline materials and good 
flowability characteristics. The Moldflow
TM
 software mate-
rial library provides material property characteristics and 
suggested process conditions for this material. 
MOLDING SIMULATION  
The effect of runner and gate dimensions and injection 
 
Fig. 2:  Meshed model for molding simulation 
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molding parameters were analyzed and the best values were 
selected to ensure the complete fill of the mold cavities using 
the Autodesk MoldFlow
TM
 software. The meshed model of the 
parts, runner and gates used for this analysis is illustrated in 
Fig. 2.  
It was observed that injection time is the most important pa-
rameter in the simulation when the other injection parameters 
are kept within their recommended range. Therefore, a 
minimum 0.2 second injection time for the injection molding 
machine (BOY12A) was estimated. Table 1 and Table 2 show 
the processing conditions selected and injection molding 
analysis results for COC-8007. 
Table 1:Recommended process parameters 
Mold Surface Temp. 70C 
Melt Temp. 250C 
Injection Pressure 16 MPa 
Cooling Time 20 s 
Injection Time 0.6 s 
 
Table 2:Molding simulation analysis results 
Total weight (part + runners) 5.0611 g 
Maximum Volumetric Shrinkage 7.83% 
Maximum Line Shrinkage 1.03% 
Max. Clamping Force 8.44kN 
Max. Pressure at injection  
location 
8.9 MPa 
Fill Time 0.859 s 
Maximum Residual Stress 45 MPa 
 
The MoldFlow
TM
 analysis results shown in Fig. 3 indicate the 
cavities completely fill in 1.45 seconds with the injection 
molding parameters of Table 1.  The MoldFlow
TM
 analysis 
indicated that shrinkage is reduced by increasing injection 
and holding pressures.  
 
Fig. 3:  Time required for cavity fill 
The volumetric shrinkage distribution is illustrated in Fig. 4. 
Note that the design scale factor applied to the model for 
shrinkage compensation was a linear shrinkage factor (SSF) 
and can be obtained by applying the following relationship: 
                                         (2) 
Non uniform shrinkage will cause residual stresses in the part, 
which can lead to part deformation. The residual stress dis-
tribution is illustrated in Fig 5. 
 
Fig. 4:  Final volumetric shrinkage 
 
 
Fig. 5:  Residual stress distribution of molded parts 
 
Fig. 6 shows the completion time for cooling, the time to 
reach ejection temperature measured from the beginning of 
the process. Both casings are sufficiently cooled by 40 sec-
onds, and thus the total process time is about 40 seconds. 
 Fig. 6:  Time to reach ejection temperature (cooling time) 
Fig. 7 shows predicted locations of weld lines during injec-
 
Fig. 7:  Weld line formation locations during molding 
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tion molding. Weld lines are normally the weakest locations 
in molded parts. However, due to the short fill time (1.4 s) and 
a sufficiently high flow temperature during fill, it is predicted 
that the flow fronts will be sufficiently mixed and no visible 
weld line will occur in these locations. Particle orientation on 
the surface of the part was also analyzed, Fig. 8, which can 
also influence the strength of the casings, but COC 8007 is an 
isentropic material that makes particle orientation less im-
portant. It may be important later if fillers or composite ma-
terials are used as potential surface defects can be surmised. 
 
Fig. 8:  Particle orientation at skin of the casings 
 
SIMULATION OF OTHER MATERIALS 
Three other materials were also evaluated with the injection 
molding simulation software. Tables 3 and 4 summarize the 
process conditions and results for injection molding acrylic 
(PMMA), polystyrene (PS), and low density polyethylene 
(LDPE).  
PMMA and PS are amorphous polymers like COC. However, 
LDPE is a semi-crystalline polymer structure which has a 
larger volumetric shrinkage occurs in LDPE due to its struc-
ture. However, as the shrinkage is more uniform and the 
material is soft, the maximum residual stress is small. From 
Table 4, it can be seen that the predicted shrinkage and 
flowability of PMMA is comparable to the COC-8007, 
therefore PMMA can be considered as an alternative material 
for the casing.  
Table 3:Other material recommended process parameters 
Process Parameter PMMA PS LDPE 
Mold Surface Temp. 80C 95C 70C 
Melt Temp. 280C 315C 280C 
Injection Pressure 16 MPa 16 MPa 16 MPa 
Cooling Time 20 s 20 s 20 s 
Injection Time 0.6 s 0.6 s 0.6 s 
 
MOLD MACHINING  
A KERN
TM
 Micro high precision CNC machining station was 
used to machine the mold inserts. An machining program 
(CNC G-Code), with minimal deviation from the designed 
parts, was developed using Esprit
TM
 computer aided manu-
facturing software. For machining the cavities, two tools were 
used, a 0.7mm 2
o
 tapered end mill, and a 0.5 mm ball end 
mill. The machining process was tested initially on machining 
wax.  
One major issue in achieving a good quality molded parts is 
the alignment of the two halves of the mold inserts. Cavities 
for the upper casing need to be machined on both inserts. 
Thus, the two inserts should be aligned with alignment pins 
and holes of very tight tolerances to ensure accurate align-
ment. While alignment pins can align the two inserts accu-
rately, it is difficult to use them as a datum for machining the 
cavities. Therefore, in order to provide a common datum 
surface, the two inserts were assembled with their alignment 
pins prior to machining the cavities and the insert sides were 
milled flat. This provided two datum surfaces for cavity 
machining. 
Fig. 9 shows the two machined aluminum mold cavity inserts. 
The numbered pins and holes in this figure indicate the cor-
rect relative orientation of the inserts. The two other holes in 
each insert are for attaching the inserts to the clamping unit of 
the injection molding machine. 
 
Fig. 9:  Injection molding cavity inserts 
 
INJECTION MOLDED SAMPLES 
Physical samples of the micro-pump casing were obtained 
using a BOY12A micro-injection molding machine. This 
machine is mainly designed for very small samples and is 
capable of injecting small shot volumes. The maximum 
Table 4:Other material molding simulation analysis results 
Simulation Result PMMA PS LDPE 
Total weight 
 (part + runners) 
6.04 g 6.06 g 4.63 g 
Maximum Volumetric 
 Shrinkage 
7.48% 9.50% 15% 
Maximum Line 
 Shrinkage 
1.03 1.03 1.05 
Max. Clamping 
 Force 
7.2 kN 14.7 kN 7.2 kN 
Max. Pressure at  
Injection location 
7.5 MPa 15 MPa 3 MPa 
Fill Time 0.84 s 0.86 s 0.86 s 
Maximum Residual 
 Stress 
40 MPa 60 MPa 3 MPa 
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clamping force for the BOY12A is 120kN, which is a rela-
tively small. If clamping is insufficient, the seal between the 
mold inserts cannot be ensured at high injection and dwell 
pressures when the cavity has a large surface area. Ideally the 
center of pressure of the mold cavity should be at the middle 
of the insert, but having it slightly off center is not unusual 
although it can aggravate sealing issues. In this mold, the 
center of pressure is slightly off center due to different length 
runners obtained from the simulation injection molding op-
timization analysis and other geometrical constraints.  
The first molding was performed using the injection condi-
tions shown in Table 3. Due to problems with the mold heater 
elements, the mold temperature was 20
0
C lower than the de-
sign value in Table 1. The injection pressure also used in this 
test was 8 MPa, slightly lower than the maximum required 
pressure. To compensate, the injection time was reduced to 
0.4s. The first injection molding sample is shown in Fig. 
10(a). In this sample, all cavities were completely filled. 
However, due to insufficient clamping force, molten material 
flashed out of the cavities. Because the cavity for the lower 
casing is in only one insert, the flash of material between the 
two inserts does not affect any critical dimension on this 
casing. The material flash on the upper casing, however, is in 
the middle of the part and influences its critical dimensions. 
Therefore, the injection pressure was reduced for future in-
jections to 4 to 4.5 MPa, where it was observed that the ma-
terial flash around the upper casing was completely elimi-
nated and significantly reduced for the lower casing. It was 
observed that further reduction beyond this injection pressure 
led to incomplete cavity fill. Fig. 10(b) and 11 illustrates 
micro-pump casings obtained from this injection molding 
process. Table 5 also shows the final settings yielding a rela-
tively good injection molding process using the BOY ma-
chine. 
 
 
Fig. 11:  Initial samples removed from mold 
Table 5: Molding sample process conditions 
In
it
ia
l 
Injection Pressure 8 MPa 
Nozzle Temperature 
(Melt Temperature) 
245 C 
Injection Time 0.6 s 
Cooling Time 20 s 
Mold Temperature 50 C 
F
in
al
 
Injection Pressure 4.5 MPa 
Nozzle Temperature 
(Melt Temperature) 
245 C 
Injection Time 0.4 s 
Cooling Time 20 s 
Mold Temperature 50 C 
 
A defective sample, Fig. 12, is caused by low injection 
pressure and temperature. The weld line cause by low melt 
temperature can be seen. This weld line indicates the casing 
would have lower strength and may burst under pressure. 
 
Fig. 12:  Improper fill of the upper casing 
 
(a) Initial conditions 
 
(b) Modified (final) conditions 
Fig. 10:  Initial samples using conditions in Table 3 
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SAMPLE PARTS FROM OTHER MATERIALS 
Two materials beyond the COC8007 were also injection 
molded. A brief description of the samples and comparison to 
COC8007 is presented. 
Polystyrene: These samples were very brittle and not very 
transparent. The melt and insert temperature required for PS 
was much higher than the COC8007. Since a heater was not 
used for the inserts, the physical properties of the samples 
might have been affected. 
PMMA: These samples are very similar to the COC8007 
samples. The processing conditions needed a higher melt 
temperature, but were otherwise similar to those of the 
COC8007 material. In separating the runners and gates from 
the casings, it was observed that the PMMA samples are rel-
atively more brittle than COC8007, but they also showed 
similar low shrinkage and good flowability. 
 
 
 
DIMENSIONAL ANALYSIS OF SAMPLE PARTS 
The dimensional deviation of the sample casings from design 
intent is caused by two sources: mold cavity machining error 
and injection molding error due to shrinkage, material flash 
between the mold inserts, or incomplete fill of the mold cav-
ities. Table 5, shows the values obtained from the measure-
ment of the injected parts, machined cavity inserts, and design 
values (U: indicates upper casing, L: indicates lower casing). 
In the table, Part Measurement refers to values obtained from 
measuring the injected sample parts, Design Dimension refers 
to the nominal dimension from design model (desired design 
intent values), the Cavity Dimension is the nominal design 
dimension (shrinkage factor (1.02) x the nominal designed 
part dimension), and the Mold Insert Measurement are the 
values obtained from measurement of machined insert cavi-
ties. 
Values for shrinkage (S), machining error (ME) and total de-
viation (TD) of the sample casings from the designed casings 
were calculated from the following definitions: 
   
[                –                ]
               
      (2) 
    
[                –                ]
               
      (3) 
    
[                –               ]
               
      (4) 
Note that “shrinkage” is affected by overfill, flash, and in-
complete fill. For the dimensions which are normal to parting 
line plane, the value for shrinkage is highly affected by 
overfill and therefore is called "shrinkage and overfill". As it 
can be seen in Fig. 13, the shrinkage, which is more clearly 
seen in the larger dimensions, is less than 1%.   
 
Fig. 13:  Horizontal dimensional analysis of the samples 
For smaller features, machining errors play a more important 
role. The horizontal measurements indicate all total devia-
tions are within an acceptable range except for L1.6 and U1.4, 
in which their measured dimensions from Table 5 are 1.8mm 
and 1.25mm respectively. These two features are actually 
designed to seat on each other and require good sealing and as 
both deviations are in a direction that increases the clearance 
between these features, the deviation may cause sealing 
Table 5: Dimensions and Measurements of sample parts 
Meas. 
Dimension 
ID 
Part Measurement 
    S#1          S#2        S#3 
Design Dimension Cavity Dimension Mold Insert Measurement 
H
o
ri
zo
n
ta
l 
U 27.5 27.87 27.94 28 27.9 27.49 27.86 
U 27 27.17 27.2 27.438 27.18 26.9 27.25 
U 4.6 4.58 4.58 4.6716 4.59 4.58 4.81 
U 1.4 1.24 1.26 1.428 1.25 1.4 1.26 
L 30 30.51 30.54 30.6408 30.54 30.04 30.61 
L 28.4 28.99 29 28.97 29 28.4 28.99 
L 0.76 0.73 0.75 0.78 0.74 0.76 0.77 
L 1.6 1.74 1.8 1.62 1.8 1.59 1.83 
L 20 20 20.04 20.35 20 20 20.15 
V
er
ti
ca
l U 3.2 3.49 3.54 3.265 3.55 3.2 3.25 
U 1.95 2.19 2.2 1.989 2.21 1.95 1.99 
L 3.5 3.84 3.85 3.6 3.79 3.53 3.58 
L 1.2 1.2 1.21 1.23 1.19 1.2 1.22 
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problem. This machining error will be rectified when the 
mold cavity is machined for the next design iteration.   
Fig. 14 shows the “shrinkage and overfill” dimensions that 
are affected by flashing the material between the two mold 
cavity inserts when they have large negative values. The 
negative value for shrinkage and overfill indicates that the 
dimension of the injected part will be larger than the insert 
and is caused mainly by separation of the two inserts due to 
high injection pressure. Because the lower casing cavity is in 
only one insert, critical dimensions such as L1.2 are not af-
fected by material flash. However, this error increases the 
thickness of the thin membrane in the middle of the upper 
casing and can cause the upper casing thickness to be 
non-uniform. It is recommended that an injection molding 
machine with higher clamping force be used to address these 
problems, as the120 KN maximum clamping force in the 
BOY is insufficient.  
 
 
Fig. 14:  Vertical dimensional analysis of the samples 
CONCLUSION 
Use of molding simulation software developed for mac-
ro-molding applications was very useful in reducing the de-
velopment time of the micro-molding process. Tweaking of 
the process was minimized and was driven by limitations of 
the molding machine, e.g. the clamping pressure and the lack 
of mold heater inserts. It should be noted that the process 
development was conducted by a novice in injection molding 
who could not rely on experience to guide the process de-
velopment decisions.  Therefore, the embedded ‘expertise’ in 
the software was critical toward minimizing development 
costs. 
As would be expected, macro-aspects of the molding process, 
e.g. sprues, runners and their lengths, bulk fill, and hold times 
were well handled by the software.  The quality of the mi-
cro-features was less predictable due to issues of mold sepa-
ration, overfill, and shrinkage, as small changes in these 
features create large deviations from design intent.  These are 
most evident across the mold parting line (vertical features of 
Fig. 14), but in general the errors were less than 10%.  One 
more design and mold machining iteration should take care of 
these errors. 
In this experience molding micro-pump components, earlier 
researcher’s observations that mold temperature is a critical 
parameter proved not to be as detrimental as anticipated. The 
part was successfully molded at a lower than recommended 
temperature, but it is possible that lower packing pressures 
and hold times would have been sufficient at a high mold 
temperature - resulting in less flash due to the lower clamping 
pressure. The relatively low aspect ratio of this component 
undoubtedly provided less sensitivity to mold temperature. It 
was also observed that mold evacuation was unnecessary. 
Overall, it is concluded from this experience that commercial 
injection molding simulation software provides sufficient 
support to reduce the development cycle by minimizing the 
amount of process optimization required with physical sam-
ples. 
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